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of two Escherichia coli strains to high hydrostatic pressure and the susceptibility of their 27 cell membranes to pressure-induced damage. Cells were exposed to pressures 28 between 100 and 700 MPa at room temperature (~20 C) in phosphate-buffered-saline. 29
In the more pressure-sensitive strain E. coli 8164, loss of viability occurred at pressures 30 between 100 MPa and 300 MPa and coincided with irreversible loss of membrane 31 integrity as indicated by uptake of propidium iodide (PI) and leakage of protein of 32 molecular mass between 9 and 78 kDa from the cells. Protein release increased to a 33 maximum at 400 MPa then decreased, possibly due to intracellular aggregation at the 34 higher pressures. In the pressure-resistant strain E. coli J1, PI was taken up during 35 pressure treatment but not after decompression indicating that cells were able to reseal 36 their membranes. Loss of viability in strain J1 coincided with the transient loss of 37 membrane integrity between approximately 200 MPa and 600 MPa. In E. coli J1 38 leakage of protein occurred before loss of viability and the released protein was of low 39 molecular mass, between 8 and 11 kDa and may have been of periplasmic origin. In 40 these two strains differences in pressure resistance appeared to be related to 41 differences in the ability of their membranes to withstand disruption by pressure. 42
However it appears that transient loss of membrane integrity during pressure can lead to 43 cell death irrespective of whether cells can reseal their membranes afterwards. 44 3 1. Introduction 48 49 A range of non-thermal methods for preserving food have been investigated to 50 satisfy growing consumer demands for minimally-processed high-quality foods that 51 contain little or no chemical preservatives but are safe to eat (Mañas and Pagán 2005) . 52
High hydrostatic pressure (HHP) is generally regarded as one of the more promising of 53 these emerging technologies and many new products have appeared on the market 54 including fruit juices, smoothies, guacamole, seafood, snacks and prepared meals 55 (Rastogi et al., 2007) . HHP can inactivate vegetative microorganisms but is largely 56 ineffective against spores, at least when applied at ambient temperatures (San Martín et 57 al., 2002) . In this sense it is essentially a pasteurization process and it is therefore 58 essential that pressure treatments used in food preservation can inactivate the most 59 resistant vegetative foodborne pathogens. To this end, considerable effort has been 60 spent to determine the intrinsic pressure resistance of different microorganisms and to 61 understand the physiological, environmental and processing factors that modify that 62 resistance (Smelt, 1998; Hoover, et al., 1989; Rastogi et al., 2007) . Resistance to high 63 pressure varies between species of microorganism but does not always correlate with 64 resistance to other preservation treatments such as heat Alpas, 65 2000 Many cellular components are affected by pressure including cell membranes 72 and membrane proteins, enzymes, ribosomes and the nucleoid ; 73 investigated in several bacterial species but the particular events leading to loss of 75 viability are not known for certain. In E. coli three processes seem to be especially 76 important. These are protein denaturation, oxidative stress and disruption of the 77 cytoplasmic membrane (Mackey and Mañas, 2008) . Several lines of evidence point to 78 the importance of protein denaturation in microbial cell death. At the thermodynamic 79 level pressure-temperature diagrams of cellular inactivation rates of E. coli and other 80 microorganisms show a strong resemblance to the elliptic pressure-temperature phase 81 diagrams for protein denaturation (Sonoike, 1992) . Supporting evidence comes from 82 biochemical studies showing that heat shock proteins are synthesized in cells during 83 exposure to sublethal pressures and in cells recovering from pressure treatment (Welch 84 et al., 1993; Aertsen et al., 2004) . The heat shock proteins synthesized include 85 chaperones (DnaK, GrpE, GroES, and GroEL) and proteases that are involved in 86 degradation of denatured proteins (ClpB, ClpP and Lon). There is also strong 87 circumstantial evidence that protection against protein denaturation may enhance 88 cellular pressure resistance since exposure to mild heat shock increases resistance to 89 pressure whilst pressure-resistant mutants of E. coli selected by successive cycles of 90 pressure treatment and outgrowth had increased levels of heat-shock proteins (Aertsen 91 et al., 2004) . 92
Oxidative stress appears to play an important role in cell death under some 93 circumstances. The lethality effect of pressure was increased by mutations in oxyR and 94 soxS, coding for oxidative stress regulatory elements, and in katE and sodAB coding for 95 HPII hydroperoxidase and superoxide dismutase respectively (Aertsen et al., 2005) . 96
Conversely recovery of pressure-treated cells under anaerobic conditions enhanced 97 survival. It has been suggested that pressure treatment results in the release of iron 98 5 from Fe-S clusters leading to the generation of hydroxyl free radical via the Fenton 99 reaction (Malone et al., 2006) . 100
Finally, there is strong evidence that membrane damage can lead to cell death. 101
Exponentially growing cells of E. coli are much more pressure sensitive than stationary 102 phase ones and in these cells loss of viability coincides with irreversible disruption of 103 cytoplasmic membrane integrity as measured by uptake of the non-permeant fluorescent resistance used previously to study morphological changes caused by exposure to high 135 pressures (Mañas and Mackey, 2004) . Escherichia coli NCTC 8003 was previously used 136 in studies of membrane damage in pressure-treated cells (Pagán and Mackey, 2000) . 137
To activate the strains one frozen bead was transferred to 9 ml Tryptone Soya Broth 138 were pressure treated at 400 MPa for 10 min and PI was added either before pressure 266 treatment ( Fig 3A) or after decompression ( Fig 3B) . Under these conditions some 267 individual cells in the population take up PI during pressure treatment, but few cells do 268 so after decompression. 269 
Relationship between loss of membrane integrity, loss of protein and cell death in E. 280
coli strains. 281
282
The relationship between loss of membrane integrity, loss of cellular protein and 283 loss of viability in E. coli strains J1 and NCTC 8164 is shown in Figs 5A and 5B  284 respectively. In E. coli J1 loss of viability coincided with uptake of PI during pressure 285 treatment but not with uptake of PI after pressure treatment, which occurred at higher 286 pressures; or with release of protein, which occurred at lower pressures. In E. coli 287 NCTC 8164 loss of viability, uptake of PI and release of protein all occurred over more or 288 less the same pressure range although uptake of PI after pressure took place at 289 somewhat higher pressures than the other measured events. The only event that was 290 correlated with loss of viability in both strains was therefore the uptake of PI during 291 pressure treatment. 292
The relationship between uptake of PI during pressure treatment and loss of 293 (Table 1 ). The approximate 304 13 molecular masses ranged from 6 to 64 kDa in E. coli J1 and from 9 to 78 kDa in E. coli 305 8164. Ten of the proteins released were of similar molecular mass in both strains. 306
Protein release started between about 100-150 MPa in both strains with three 307 proteins from E. coli 8164 being released and one from E. coli J1. Visual inspection of 308 the gel showed that the protein from E. coli J1 was a 9 kDa protein that comprised most 309 of the released material from this strain. Further groups of proteins were released from 310 each strain at successively higher pressures though the pattern was different in each 311 strain (Table 1) . 312
The amounts of each protein released at different pressures were estimated by 313 measuring the optical density of the bands. This is only semi-quantitative but does give 314 an indication of the relative amounts of particular proteins released at different 315 pressures. With many proteins, the amount released increased with pressure, as for 316 example those in strain 8164 with an apparent molecular mass of 15-16, 19-20, 20-317 21,21-22 and 22-23 kDa. In other cases the amounts released increased initially but 318 then decreased at higher pressures. This was the case for the higher molecular mass 319 proteins in strain 8164, for example the bands at 52-53, 56-65, and 66-78 kDa. In 320 general more different proteins were released from E. coli NCTC 8164 than from E. coli 321 J1 and much of the protein released from E. coli J1 was of low molecular mass ( Fig 7A  322 and 7B). released from E. coli NCTC 8164 increased with pressure intensity up to 300-400 MPa 423 then decreased. We believe this may be due to the formation of intracellular aggregates 424 at the higher pressures that are unable to pass through the peptidoglycan. In E. coli J1 425 the amount of protein released increased with pressure then remained more or less 426 constant. This would be consistent with the released proteins originating from a region 427 outside the peptidoglycan. In this case the release of any aggregated protein would not 428 be impeded by the sieving effect of the peptidoglycan so no reduction in released protein 429 would be expected at high pressures. 430
Although the membrane disruption by high pressure is acknowledged as a critical 431 event in microbial inactivation by pressure the role of membrane damage in death of 432 stationary phase cells has been unclear. This work shows that stationary phase 433 18 membranes of different E. coli strains differ quite widely in their ability to resist disruption 434 by pressure treatment and in their ability to recover integrity after decompression. This 435 has a major influence on the ability of cells to survive high hydrostatic pressure. It is now 436 clear that the pressure at which membrane disruption begins is more important for cell 437 survival than the ability to reseal membranes after decompression. Even temporary loss 438 of membrane integrity can lead to cell death. Since the degree of membrane 439 permeabilization, protein loss and resealing varies between different strains of E. coli, 440 differences in the efficacy of combined processes which rely in the entrance of an 441 antimicrobial substances during pressurization might be expected. It would be 442 interesting for example to examine whether such combined treatments could overcome 443 the pressure resistance of strains that have more resilient cell membranes. 
